The present study aims: (a) to assess the correlations between forest stand characteristics (viz., basal area, dominant height, and volume) and the reflectance values derived from Landsat 5 TM spectral bands as well as from vegetation indices and (b) to understand how Eucalyptus sp. stand age influences these correlations. Sampling data comprised a set of 35 permanent plots from a forest inventory conducted annually between 2006 and 2011. Spectral data were derived from Landsat 5 TM images. The results showed that TM4 and TM5 spectral bands, as well as vegetation indices ND54 and TM5/4, were better correlated with basal area and volume, while the TM2 spectral band was better correlated with dominant height. Eucalyptus sp. stand age directly influenced the correlations between spectral data and forest stand characteristics, and could not be disregarded in the spectral characterization of the forest variables.
INTRODUCTION
Reliable information and knowledge on forest structures is essential to plan sustainable use of forest resources . This information is obtained through forest inventories (Scolforo & Mello, 2006) that are responsible for a significant amount of forest production costs, due to the time spent allocating and measuring the plots in the field (Silva et al., 2014) .
Some studies have demonstrated the potential of geotechnologies to support the traditional forest inventory carried out in the field, since they help with acquisition of information regarding forest growth, mainly through the use of data collected by sensors onboard artificial satellites (Halme & Tomppo, 2001; Mäkelä & Pekkarinen, 2004; Hall et al., 2006; Tomppo et al., 2009; Viana et al., 2012) . Consistent, repetitive and systematic observation of forest growth, obtained through remotely sensed images, provides a better characterization of the differences in growth and yield throughout the forest plantation area, since the information can be collected for all pixels in different portions of the electromagnetic spectrum (Ponzoni et al., 2015) .
Landsat 5 TM images can be useful in forest management when combined with field measurements (Reis et al., 2015; Silva et al., 2014; Viana et al., 2012; Mäkelä & Pekkarinen, 2004) . Spectral information captured by remotely sensed images has a strong relationship with dendrometric variables, both for planted forests (Berra et al., 2012; Canavesi et al., 2010; Watzlawick et al., 2009 ) and native forests (Reis et al., 2015; Mäkelä & Pekkarinen, 2004; Lu et al., 2004) .
However, there is still a need for studies to assess the influence of forest stand age on these relationships, and especially, at what age the images best represent each forest variable and therefore are useful as auxiliary data for the management of planted forest. Thus, the present study aims to contribute to an understanding of the correlations between spectral data and dendrometric variables, regarding the age of Eucalyptus sp. stands. In this sense, the specific objectives of this study were: (a) to assess the correlation between forest stand characteristics (viz., basal area, dominant height and volume) and the reflectance values derived from Landsat 5 TM spectral bands as well as from vegetation indices; (b) to understand how stand age influences these correlations.
MATERIAL AND METHODS
The Eucalyptus clonal stands being studied are located in the Lagoa Grande municipality, northwest of Minas Gerais state, Brazil, situated between the geographic coordinates 17º43'00"S -46° 32'00"W and 17º44'00"S -46°33'00"W, at an altitude of 560 meters (Figure 1 ). According to the Köppen climatic classification, Figure 1 . Geographic location of the study area and sampling grid. (Kanegae et al., 2006) .
The sampling procedure adopted was the unencumbered systematic sampling design, allocating approximately one circular plot per 10 ha of forest. The plots were georeferenced in the field with GPS Garmin 60CSx. In all plots, the circumference at 1.3 m above the ground (circumference at breast height) of all stems was measured using a metric tape, as well as the total height of the first fifteen trees with normal stems (without bifurcation or any other defect) and dominant tree height according to Assmann's definition (Assmann, 1970) , if these trees were not among the fifteen heights already measured in the plot. To estimate the heights of all trees in the plot, a hypsometric model was used. Next, the volume per The Landsat 5 TM images were obtained from the USGS database (United States Geological Survey), already presenting radiometric calibration, and geometric and atmospheric corrections. The USGS, agency responsible for making the Landsat time series available, uses the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) application, which calculates surface reflectance by compensating atmospheric absorption and scattering effects, thereby generating the correct reflectance of the top of the atmosphere and surface (Feng et al., 2013) . In addition, vegetation indices were calculated from the spectral bands of Landsat 5 TM images (Table 1) .
We used the pixels located in the centroid of each forest inventory plot to extract the reflectance band values and the vegetation indices for each year of measurement. After that, for each year of measurement Table 1 . Vegetation indices used in this study.
Vegetation indices Formulation Reference
TM4/3
TM4/TM3
Jordan ( Qi et al. (1994) Where: TM= Thematic Mapper; ND= Normalized Difference; NDVI= Normalized Difference Vegetation Index; SAVI= Soil-Adjusted Vegetation Index; MSAVI = Modified Soil-Adjusted Vegetation Index. 
RESULTS AND DISCUSSIONS
Dendrometric variables presented direct and inverse correlations with Landsat 5 TM reflectance bands and such a relationship varied according to forest age. Table 2 summarizes the correlation coefficients between dendrometric variables and Landsat 5 TM reflectance bands for all measurement ages.
Basal area (G) presented significant correlations with TM4, TM5 and TM7 bands across all ages, with the exception of the TM4 band at age 2 years. At 2 years old, eucalyptus stands are in the initial growth stage, and therefore, there is a greater increase in height in comparison to what is observed for the diameter and crowns. Thus, as canopy closure has not yet occurred, the reflectance values are contaminated by the reflectance of exposed soil, resulting in an absence of significant correlations between basal area and spectral bands in this age. On the other hand, at ages 3, 6 and 7 years, basal area presented significant correlation with the TM3 band. In the case of healthy vegetation, the presence of pigments in the leaves such as chlorophyll, carotenes and xanthophylls are responsible for a greater absorption of electromagnetic radiation in the visible region, mainly in the red region (Ponzoni et al., 2012) . Other studies found similar results with high correlations between basal area and TM3, TM4, TM5 and TM7 bands (Berra et al., 2012; Bolfe et al., 2012; Almeida et al., 2014) .
The volume (V) presented significant correlation values with TM5 and TM7 bands for all ages, except at age 6 years. These bands were able to efficiently detect the relationship between forest canopy reflectance and the dendrometric variables such as volume and basal area, as also observed by Hall et al. (2006) and Thenkabail et al. (2003) . Basal area derives from tree diameter, which is directly related to canopy size, which in turn will determine canopy reflectance. Therefore, this relationship is captured by satellite images that detect the electromagnetic energy reflected by tree crowns that formed the forest canopy. Lu et al. (2004) explored the relationships between forest parameters and Table 2 . Pearson's coefficients (r) between dendrometric variables and Landsat 5 TM spectral bands. TM1  TM2  TM3  TM4  TM5  TM7 = not significant at 5% and *significant at 5%.
Age (years) Variables
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Relationship Between Spectral Data… Floresta e Ambiente 2018; 25(2): e20150170 their spectral responses in Landsat 5 TM images from three areas in the Eastern Amazon basin. The authors observed that the TM5 band is the spectral band that is most strongly correlated with forest variables, corroborating the results found in this study. Dominant height (HD) presented the best correlations with the TM2 band at all ages, with the exception of the measurement at age 5 years. This fact is due to a severe drought which occurred in that year, according to data recorded in the field, that caused mortality and loss of vigor of the remaining individuals, thereby affecting the correlations with dominant height at this age. Hall et al. (2006) used Landsat 7 ETM+ bands to study a native forest dominated by Pinus species in Canada and found negative correlations between tree height and spectral response. These results corroborate the negative correlations found in this study between dominant height and spectral bands. According to Meng et al. (2009) the TM2 band is usually applied for assessments of vegetation vigor, and since more productive sites tend to have more vigorous trees and higher values of dominant height, this explains the higher correlations presented by TM2 band and dominant height.
The low correlations found between dendrometric variables and the TM1 band can be explained by the low contribution of this band to vegetation analysis, since as vegetation cover increases, little change is observed in the reflectance values of TM1 band (Meng et al., 2009 ).
Correlation coefficients between dendrometric variables and vegetation indices are shown in Tables 3 and 4 .
Vegetation indices that include TM4 and TM5 bands in their composition, such as ND54 and TM5/4, had significant correlations with basal area at all forest ages. With the exception of the measurement at age 2 years, the NDVI, TM4/3, SAVI and MSAVI indices also presented significant correlations with basal area. Dominant height presented closer correlation with vegetation indices in the measurements at ages 4, 6, and 7 years. At ages 4 and 6 years, dominant height was more closely correlated with ND53 and TM5/3 indices. At age 7 years, dominant height presented significant correlations with all vegetation indices, but mainly with SAVI (r = -0.641) and MSAVI (r = -0.610) indices. Since the canopy reflectance of Eucalyptus stands at ages 4 and 6 years is mostly composed by the reflectance of green leaves with little participation of soil background and shadows, the dominant height presented high correlations with TM3 and TM5 bands and vegetation indices that include these bands in their composition. According to Ponzoni et al. (2015) the reflectance of eucalyptus stands older than 6 years is influenced by green leaf loss and the greater participation of litter (including dry branches deposited on the ground), therefore explaining the highest correlations with the SAVI and MSAVI indices at age 7 years, since these indices are constructed to attenuate soil influence on vegetation reflectance (Bolfe et al., 2012) .
Volume presented the best correlations with NDVI, ND54 and TM5/4 indices at age 5 years. However, at ages 6 and 7 years, volume presented significant correlations only with NDVI index, but of low magnitudes (r = 0.382 and r = 0.377, respectively). Berra et al. (2012) ). In our study, NDVI and TM4/3 indices were also positively related to wood volume (m 3 .ha -1 ) but to a lesser degree. Vegetation indices that use the infrared spectral bands suffer less atmospheric dispersion (Jensen, 2009 ) and this fact can explain the higher correlations presented by these indices and dendrometric variables in comparison with indices that use the visible region bands in their composition. Moreover, these indices present a non-linear relationship with biophysical characteristics such as volume (Ponzoni et al., 2012) , which means that these indices reach saturation under medium and high productivity conditions, which is the case of eucalyptus stands at more advanced ages. This fact explains the lower magnitude of correlations found in our study between volume and the NDVI and TM4/3 indices at ages 6 and 7 years. Berra et al. (2012) and Pacheco et al. (2012) applied correlation analysis between dendrometric variables and spectral data to develop prediction models and concluded that remote sensing data have great potential to explain the forest dendrometric variables. However, these authors only analyzed one occasion of forest stand measurements, therefore not considering the temporal changes that may occur between the correlations during forest stand growth, as observed in our study.
For the estimation of Eucalyptus sp. stand variables such as basal area and volume at different ages, we recommend the use of spectral data obtained from TM4 and TM5 bands of Landsat 5 TM images as well as the vegetation indices that are composed by these bands (i.e. ND54 and TM5/4) as auxiliary data for the traditional forest inventory. For dominant height estimation, we recommend the use of spectral data from 
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CONCLUSIONS
TM4 and TM5 bands of Landsat 5 TM images and vegetation indices that include these bands in their composition, such as ND54 and TM5/4, presented the closest correlations with the dendrometric variables analyzed.
Eucalyptus sp. stand age directly influences the correlations between spectral data and dendrometric variables, and cannot be disregarded in the spectral characterization of the forest variables. Basal area and volume correlated better with spectral data when measured at age 5 years, while dominant height correlated more closely with spectral data when measured at age 7 years.
TM4 and TM5 bands and ND54 and TM5/4 indices have the potential to be used as auxiliary data to manage Eucalyptus sp. stands, at all stages of forest stand growth.
